Since the first unequivocal report of oxygen protection of biological material against ionizing radiations (6) the authors have extended the investigation in an attempt to elucidate the mechanisms involved. The question was raised in the initial report whether bacteriophage T1, the organism showing this phenomenon, was unique in this respect, since current literature shows that oxygen enhances radiation damage in most biological systems. The knowledge that oxygen is able to protect bacteriophage against ionizing radiations has evoked a special interest in the mechanisms operative. This is especially true since the results obtained with irradiation of the relatively simple, non-metabolizing phage system may make possible a more accurate estimate of the relative toxicity of the products of irradiated water in biological systems than could be obtained in the presence of more elaborate and complex systems.
The dose was determined by the oxidation of ferrous ammonium sulfate to ferric ammonium sulfate in 0.8 N H~O~. Over the 2~ years during which this research was carried out, the dose rate of the Co e° gamma source, for the particular position of the irradiated vials, fell from 4050 r/min, to 3040 r/min., in keeping with the Co 6° half-life of 5.3 years. Calculation of the dose rate was based on a G value of 15.8 (12) , which represents the number of ferrous ions converted to ferric ions per 100 electron volts absorbed by the solution. All irradiations were carried out at 25°C.
Irradiations were repeated a minimum of ten times, or until the mean value of the point was established with reasonable certitude. Table I indicates the range of fluctuation; the significance of the standard error, or standard deviation of the mean, is explained by Snedecor (17) . It should be noted that the analyses are based on the values of separately prepared and irradiated samples, and not replicate platings or dilutions of the same sample. These latter yielded highly accurate results when based on an average plaque count per sample of 500 to 600, secured from 3 to 5 Petri plates prepared by the agar layer method (2) .
Each irradiated sample was paralleled throughout with an unirradiated sample which was treated identically except for irradiation. The survival fraction (N/No) is the ratio of the number of active phage after irradiation (N) to the number of active phage in the unirradiated control (No). Immediately after irradiation, 2 ml. of 3 per cent Difco nutrient broth was added to both the irradiated and control samples. The concentrated broth reacts with any remaining harmful products in the irradiated medium which would tend further to decrease survival. Viruses in this condition have been found to be stable for periods of 10 days or more in so far as the number of survivors did not change when allquots of such samples were assayed daily; nevertheless, assays were completed within 2 hours of completion of irradiation.
Ultraviolet Irradiation.--A low pressure, mercury vapor germicidal lamp, manufactured by General Electric Company, giving essentially monochromatic radiation at 2537 A, was used in the experiments. The 15 watt lamp was mounted in a ventilated cabinet with controlled temperature. A shutter above the irradiated sample permitted precise timing of exposures, eliminated the necessity of turning off the lamp during a series of experiments, and thereby assured a more uniform dose. All exposures were made at a distance of 63 cm. from the lamp in vycor No. 7910 silica glass tubes of 15 ram. diameter. The UV absorption coefficient of the glass was 0.18 mm.-1; the average wall thickness 1.14 mm. The radiant flux density in air of the UV source at 63 an. was 755 ergs an. "-~ sec. -a.
Phage Stock.--Bacteriophage TI, specific for Escherichia coli, strain B, was used in all experiments. E. coli was grown in a chemically defined medium which was a modification of that described by Adams (2) and contained the following ingredients per liter of distilled water: lactic acid, 9 ml.; Na~IPO4, 1.4 gin.; MgSO4, 0.05 gin.; NH4C1, 1.0 gm.; KH~PO4, 1.5 gm. The pI-I was adjusted with NaOH to obtain a final value of 6.8--6.9 after the solution was autoclaved.
After growth at 25°C. to a concentration of approximately 108 cells per ml., the bacterial suspension was inoculated with T1. After the phage had been permitted approximately 10 hours for lysis of bacteria, the culture was filtered through a fine Mandler diatomaceous earth filter. Since, after several weeks, the phage stocks showed a gradual but consistent loss of response to protection by oxygen during it-radiation, in all experiments the phage was used within 4 weeks after filtration. Unless otherwise specified, the stock of phage was diluted to produce an ultimate concentration of 5 X 10 -s that of the original lysate. In this concentration the radia- tion effects with the various gases were more pronounced than in higher concentrations of the original lysate (Table II in Results and Analyses). purified nitrogen (99.9 per cent N2) through the samples for 30 minutes. After this procedure there was no residual oxygen detectable by the Winkler test for dissolved oxygen, nor could the formation of any hydrogen peroxide after gamma irradiation of the deoxygenated samples be detected. The same method was employed for all gases or gaseous mixtures used. Water was quadruply distilled: a preliminary distillation, successive distillations from alkaline potassium permanganate and alkaline manganous hydroxide, and distillation with no added solute. All glassware was pyrex; meticulous cleansing of glassware proved very important.
Once the proper concentration of phage was established, there remained the serious problem of rapid inactivation of the phage by bubbling of the gases. In appreciable concentrations of salts and/or protein, the phage is quite stable (1), whereas in distilled water the inactivation rate during bubbling is rapid and increases the fluctuations encountered in subsequent irradiations. This added instability was avoided by completing all gaseous bubbling before the phage was added. This was accomplished by utilizing pyrex test tubes, 15 ram. in diameter, which were sealed with B & D vacutainer stoppers through which stainless steel needles were introduced for bubbling and subsequently for introduction of the phage. The sealed ampoule was irradiated in an upright position with care that the phage suspension did not touch the vacutainer stopper during any of the manipulations.
Earlier work on the problem revealed that the results obtained in buffer differed from those obtained in distilled water. In order to assure complete equilibrium of phage and medium, the bacteriophage of the original lysate was diluted 100-fold, 24 hours before irradiation, in a medium identical to the one in which it was to be irradiated. In cases in which the phage was irradiated in gas-saturated solutions, this preliminary dilution was made in the proper gas-saturated solution 24 hours before irradiation. A final 200-fold dilution was made immediately before irradiation from these tubes into a freshly prepared medium, contained in sealed ampoules, by introducing a 10 lambda aliquot of diluted phage stock by means of an adapted micropipette into the 2 ml. sample after completion of the bubbling.
In those experiments concerned with varying pH by means of buffers, phage was diluted 100-fold in distilled water saturated with the proper gas, and 10 lambda of this diluted phage suspension was added to the experimental vial containing 2 ml. of the buffer 15 seconds before irradiation. This procedure was intended to maintain the effect due to the pH of the medium while permitting the minimal possible interaction of the salts at the viral surface.
In the series of experiments utilizing hydrogen peroxide, samples of water were bubbled with a particular gas and 10 lambda aliquots of hydrogen peroxide were subsequently introduced into the sealed ampoules by the same procedure used for the phage, to produce the proper concentration of hydrogen peroxide.
Chemical Analyses.---Oxygen content in micrograms per milliliter was determined by the Winkler method, adapted in this study to microdeterminations. All conditions under which the oxygen determinations were made paralleled those under which the viruses were irradiated. Hydrogen peroxide content was determined by the spectrophotometric method of Savage (15) . Samples containing known quantities of hydrogen peroxide, to which the reagents were added at zero time and stored in the dark at 0°C., were assayed spectrophotometricaUy 20 minutes after the addition of the reagents. A molecular extinction coefficient was determined from a standard curve relating optical density to known molarity of ttzO2, according to the formula, k = D/c. l, in which k is the extinction coefficient, D is the optical density as read on the Beckman model DU spectrophotometer, c is the concentration of hydrogen peroxide in moles/liter, and I is the light path in centimeters. The extinction coefficient under conditions outlined above was 22,200.
RESULTS AND ANALYSES
A phage stock grown in inorganic salts with lactate as the source of carbon and subsequently diluted in distilled water saturated with certain gases, constitutes a system very sensitive to ionizing radiations. Table II gives some pertinent information condensed from preliminary experiments, which may be briefly summarized as follows:--I. Oxygen offers considerable protection from indirect effects of irradiation, as shown by the difference between survival in samples saturated with oxygen and with nitrogen. Nevertheless, oxygen permits considerable indirect action, as shown by the differences between survival in broth and in oxygen-saturated distilled water.
2. Oxygen protection shows a gradation dependent upon the amount of oxygen present.
3. The effect of diluting the original lysate from a concentration of 5 X 10 -a to 5 X 10 -5 is considerable. In view of this finding, the greater stability of the system containing more lysate was sacrificed for the sake of obtaining results under conditions in which the minimal amount of lysate was present to alter the basic effects of irradiation. Except for certain values included in Table II , all results were obtained from experiments utilizing stocks diluted to a concentration of 5 X 10-s before irradiation.
Survival of TI Irradiated in Distilled Water Saturated with Various
Gases.-In Fig. 1 are shown survival curves for T1, which verify the trend noted in the preliminary work that survival of T1 shows a relationship to the amount of oxygen present. Survival of T1 irradiated in distilled water which had been saturated with oxygen at 0°C. was higher than in distilled water which had been saturated with oxygen at 25°C., as expected from gas solubilities. Likewise, the survival values in distilled water saturated with oxygen bubbled simultaneously with hydrogen or carbon monoxide, at the same pressure as the oxygen, are higher than the values obtained by saturation with hydrogen or carbon monoxide alone, but lower than when saturated with oxygen alone. The intermediate values for the gaseous mixtures indicate that protection proceeds in so far as the water can be saturated with oxygen while a second gas is being bubbled into it simultaneously. It will be shown that hydrogen and nitrogen serve merely to deoxygenate the water, while carbon monoxide 7.25 X 100 1 1.13 X 10 °1 1.25 X 10 -t 8.02 X 100 a 3.23 X 10-* 1.60 X 10 -8 3.12 X 10-~ has a somewhat deleterious effect. Carbon monoxide causes approximately 50 per cent inactivation of bacteriophage in I hour in unirradiated controls. The low survival of TI irradiated in carbon monoxide indicates that in addition to the deleterious effect of carbon monoxide itself, the effect of gamma irradia-tion is enhanced by its presence. In radiation chemistry the action of CO parallels the action of H2, and any interpretation of its action must be made in the light of the results with 1-I3. The protective action of 03, in the presence of CO, must also be interpreted in the light of subsequent analyses of H3 results, with the toxicity of CO and the biological peculiarities of any test organism ever in mind.
Products of Irradiated Water.--Upon irradiation of water in the absence of oxygen (13), H and OH are produced according to the following equations:
I-I~O + --* H + + OH (3)
The ionized water molecule formed in reaction I may recapture an electron to form an excited water molecule (14) , which may then dissociate. In the presence of oxygen, I-I03 and H303 are produced.
From Equations 1 through 8 it may be seen that there are four agents which are potential inactivators of bacteriophage: H, OH, HO3, and H303. It is possible in the following experiments to assess the importance of these agents in the inactivation of phage T1, and, further, to determine the most probable means of inactivation. Under the following four headings the relative toxicity of these agents for T1 will be considered.
A. Atomic Hydrogen.--Since the survival of T1 is lower after irradiation in a suspension saturated with nitrogen than with oxygen, a deleterious agent which can exist at greater steady state concentration in the former than in the latter should be sought. This abundant agent is atomic hydrogen, which would logically be suspected as the agent responsible for phage inactivation. This point can be tested by saturating with hydrogen, in the absence of oxygen, the solution in which the viruses are irradiated. This procedure will favor the production of atomic hydrogen, according to the following equation:
The survivals of T1 irradiated in suspensions saturated with hydrogen alone and with nitrogen alone are not significantly different (Fig. 1) . Radiationproduced hydrogen atoms alone are therefore inadequate to account for the low survival in deoxygenated solutions, as demonstrated by this experiment. It does not follow that T1 is insensitive to H atoms; on the contrary, if T1 is sensitive to OH radicals, as will be shown later, then in these hydrogen experiments every H atom, produced at the expense of an OH radical, eliminates an agent known to be deleterious, and substitutes one which may be equally or somewhat less deleterious, in so far as this can be determined within the limits of experimental error. T1 is rather susceptible to reducing compounds, as will be shown later when the protective effect of reducing compounds on irradiated T1 is considered. The fact that the hydrogen and nitrogen curves do not differ significantly may therefore be due to (a) the ability of the phage to compete successfully with H2 for the OH radicals, or (b) a sensitivity to both H atoms and OH radicals, with some evidence of a greater sensitivity to OH radicals. It should be noted that (a) and (b) are not mutually exclusive, nor are other possibilities beyond the scope of our present knowledge excluded.
B. Hydroxyl Radicals.--From the above considerations it appears that the protection afforded by oxygen against gamma irradiation in aqueous suspensions cannot be attributed to the attractive hypothesis that oxygen competes successfully with the phage for the hydrogen atoms. It is important at this juncture to know whether phage is susceptible to OH radicals. This can be tested by reaction of the phage with free radicals produced in solutions of hydrogen peroxide subjected to ultraviolet irradiation. The reaction can be explained (11) as a primary dissociation into hydroxyl radicals, followed by reaction of peroxide with the hydroxyl radicals to give perhydroxyl radicals which react with each other to re-form peroxide, according to the following equations:
H,O, ~ 2OH (10)
OH + H,O~ --* H~O + HO,
2HO2 ~ H,O~ + O~ (12) For this study it is necessary to determine (a) the degree of inactivation of T1 exposed to a solution of hydrogen peroxide only; (b) the degree of inactivation of a suspension of T1 exposed to UV only; and (c) the degree of inactivation of a suspension of T1 exposed to hydrogen peroxide and to UV simultaneously. Since the rate of inactivation in all three cases is essentially exponential, it is possible to calculate whether the combined effect of UV and H20, is equal to the separate effects of UV and H202, or whether it exceeds them. The latter was found to be the case. The relative effectiveness of each treatment and of the combined treatment is shown in Table III , in which ¢-* represents the survival fraction and x represents the dose in arbitrary units, responsible for the inactivation in each case. It is called "effective dose" in Table III, The effective dose under the combined treatment is greater than the sum of the effective doses when the two are operating separately. The typical example given above has been verified at other UV doses and hydrogen peroxide concentrations. Since T1 is inactivated more efficiently when exposed to hydrogen peroxide and UV simultaneously than when exposed separately, it is concluded that phage T1 is sensitive to OH radicals and probably to HO~ radicals which may be formed concomitantly. Since both OH and HO2 radicals are produced in the experiments involving UV, this test alone does not distinguish between the effects of the two. In the light of the experiments involving hydrogen and nitrogen, however, it is presumed that phage is susceptible to OH radicals, because in the samples deoxygenated with hydrogen, HO2 production is negligible; with nitrogen, HO, may be formed, but the yield is low. HO2 remains to be considered. Perkydroxyl Radicals.--No direct test applicable to the phage can at present be devised to test the toxicity of HO2. When HO~ is produced in the various experiments outlined in this report, it is always produced together with other inactivating agents and its action cannot be isolated (cf. Equations 7, 11, 15, and 16) . Certain considerations, however, indicate that HO~ is probably an effective inactivating agent for T1. Since OH is harmful to phage and the action of HO2 as an oxidant parallels that of OH, and since oxidizing agents will be shown to be of importance, it might be expected that phage will be sensitive to HO~ radicals, At present, however, no clear-cut experimental demonstration of the sensitivity of T1 can be made.
D. Hydrogen Peroxlde.--If one were to consider only the experiments utilizing samples deoxygenated by nitrogen and samples containing various amounts of oxygen, a progressive increase in the amount of hydrogen peroxide, paralleling the increase in oxygen content, would be noted, together with the increased phage survival. This increase in phage survival which accompanied the increase in hydrogen peroxide might appear to be due to the reaction of the H2Oa with the OH and H of the irradiated water, indicated in reactions 11 and 13, but further experiments disprove this hypothesis.
H~O2 + H --~ H20 + OH (13)
It is possible to test this point by a manipulation whereby the oxygen content can be decreased and the hydrogen peroxide content increased. By bubbling hydrogen and oxygen through the solutions simultaneously, a lower oxygen 2.50 X 10-1 2.25 X 10 -1 1.35 X 10 -1 9.99 X 10-t 5.02 X 10 --2 content was obtained, but a higher hydrogen peroxide yield was secured upon irradiation according to Equations 9, 7, 12, and 14, in that order.
HO~ + H --~ H2Oz (14)
The higher hydrogen peroxide production in the presence of hydrogen, with lower oxygen content, has been verified in our experiments (Table IV, Figs. 2  and 3 ). It is most significant, however, that the survival of phage is directly correlated with the oxygen content and not correlated with H~O2 production.
The fact that hydrogen peroxide can react to remove certain radicals produced by irradiation of water, as illustrated in Equations 11 and 13, has led to the suggestion that hydrogen peroxide added to the medium in which the phage is irradiated might serve as a protective agent. A series of experiments, therefore, was designed to check the ability of H202 to protect phage under various conditions. Fig. 4 shows the result of irradiating bacteriophage in the presence of 2.5 X 10 ~ N H202 saturated with various gases. In general, a decreased survival of T1 results when hydrogen peroxide is present in the suspen-sion. Survival is increased in the presence of oxygen and lowered in the presence of hydrogen or nitrogen. Under the conditions of these experiments, therefore, hydrogen peroxide added to the suspension of phage before irradiation not only fails to protect but actually increases the inactivation.
It has been proposed (4) that the inactivation of phage by hydrogen peroxide is due to the reducing action of free radicals. The mechanism whereby H202 inactivates bacteriophage is of great importance in this study. H202 can act as an oxidizing agent or as a reducing agent. In the following equations T1 represents the undamaged phage, while T1 + represents the oxidized phage and T1-the reduced phage. medium. Reactions 18 and 19 (reduction)are favored by an alkaline medium. Since inactivation ofthe phage proceeds more readily in an acid medium and the phageis more stable in an alkaline medium during irradiation, it ap-pears that oxidation rather than reduction is the more important mechanism of inactivation for phage T1.
This conclusion is strengthened by the following considerations of the action of the OH radical. From the equilibrium, OH ~---O-q-H +, suggested by Hart 2.12 X 10 ~ 1.06 X 10 ~ 2.25 X 10 -1 9.99 X 10 "~ radiation. The higher inactivation rate in an acid medium suggests, therefore, the importance of the oxidizing action of the OH radical. It is not evident how oxygen may enter into any of these reactions in the role of a protective agent, yet oxygen does protect the phage against inactivation in solutions of H20~ (Table V) as well as during irradiation (Fig. 4) . There is no adequate explanation at present for this phenomenon, but we sug-gest that oxygen may function in the role of protective agent for T1 by the formation of a complex with the phage. Two possibilities are suggested: either the phage reacts with oxygen prior to irradiation to achieve this protection, or, in the very process of inactivation, the oxygen forms a stabilizing complex with the phage, as will be considered in the Discussion. ness the corresponding pattern in phosphate buffer has been worked out. From a comparison of Fig. 5 with the preceding figures, it can be seen that the pattern is essentially similar, with one important exception: the protection afforded T1 by oxygen in distilled water is considerably higher than the protection afforded in buffer. It is here proposed that adsorption sites saturated with ions of the buffer solution may not be free to react with the oxygen present in the medium. The oxygen content and the corresponding survivals are shown in Table VI .
Influence of Buffer in the
Hydrogen Ion Co~e~tration.--In view of the importance of pH in deter-mining the mechanism of inactivation of viruses by irradiation, as indicated above, a series of experiments was undertaken to establish the effect of pH on the phage system under irradiation. Fig. 6 shows that 10 -3 ~ phosphate buffer Survival of bacteriophage T1 x-irradiated in various molarities of reducing agents (KCN, NaNO2) and non-reducing agents (KC1, NaC1) at a dose of 37,500 r. 8.9 X 10-* 7.4 X 10 -1 8.8 X 10-I 9.0 X 10-l saturated with oxygen, hydrogen, or nitrogen, gives higher survivals in the alkaline range. From extensive experimentation in this laboratory there has come a consistent pattern of increased radiation sensitivity at the higher hydrogen ion concentrations. This pattern has been found to hold in radiation experiments involving sulhydryl compounds (unpublished), inorganic salts (7), organic acids and their salts (5), as well as the present work with phosphate buffer.
Protection of Phage by Reducing Agents.--The implications of pH in determining radiation sensitivity have led us to conclude that oxidation rather than reduction is the more important factor in the inactivation of T1 in the present study. In view of the opposite interpretation with $13 (4), a careful study of this point has been made with a number of reducing agents. For the sake of brevity only the results obtained with sodium nitrite and potassium cyanide are given; these lend themselves readily to experimental manipulation. It is recognized that the nitrite ion can be either oxidized or reduced, but the redox potentials of irradiated water are such that nitrite is oxidized by irradiation.
The reducing agent appears to divert to itself some of the oxidizing power of the irradiated water which, in the absence of the reducing agent, would appear as molecular H~O2 (16), or would inactivate the phage. In accordance with the free radical theory, Schwarz and Allen (16) suggest that OH radicals, formed in fairly close proximity to one another, which would have an apappreciable probability of combining to form H202 in the absence of the reducing agent, react with the reducing agent when it is present.
Although the phage showed a certain sensitivity to these compounds, as indicated in Table VII , the significant point in this study is that the susceptibility to reduction is slight compared to the sensitivity to indirect effects of represents ratio of active phage at given standing time to active phage at zero time.
x-rays or gamma rays, against which these reducing compounds are very efficient protective agents. This protective effect and its magnitude can be seen in Fig. 7 , in which KCN and NaNO2 show considerable protection over NaC1 and KC1; the latter are non-reducing under conditions of these experiments and show minimal protection among selected inorganic salts (7). The range of pH for the concentrations of salts shown in Fig. 7 was: KCN, 6.4 to 11.5; NaNO2, 6.3 to 8.5; NaC1, 5.4 to 6.7; KC1, 6.2 to 6.8. In view of the consistently higher survivals as the pH increased to approximately 10, it was necessary to adjust the pH of the solutions of KCN and NaNO~ in order to distinguish between the protective effects of basicity and of reduction. In Fig. 8 are shown the results of varying the pH by varying the concentration of the salt, as contrasted with the results obtained with the use of NaOH and KOH. The differences between the curves for KCN and NaNO~ and their corresponding bases represent the protection attributable to the specific action of CN-and NO~-; namely, reduction. The greater sensitivity of T1 to irradiation in the acid range with these salts substantiates the observations made above relative to hydrogen ion concentration.
Postirradiation Effects.--The survival of T1 was consistently less when it was added to irradiated water which was saturated with oxygen than when it was added to irradiated water saturated with nitrogen or hydrogen (Fig. 9) . This sharp contrast to the protective effect of oxygen during irradiation may be explained as follows: the chief products of irradiated deoxygenated water are OH radicals and H atoms. Since the half-life of these products is extremely short--in terms of fractions of microseconds--it is necessary that the phage be present during the irradiation in order that any appreciable effect be shown.
In oxygen-saturated solutions, however, H202 persists, and the phage is sensitive to H,O2. All traces of protective agents, e.g. protein, must be eliminated from the solutions to bring out these effects.
DISCUSSION
The fact that oxygen protects bacteriophage T1 against ionizing radiations whereas it sensitizes most biological systems suggests immediately that T1 may be basically different from these other systems and may, in fact, be inactivated by reduction rather than by oxidation. The extensive test of this hypothesis here reported, however, indicates that these viruses are fundamentally similar to other systems in that they are inactivated chiefly by the oxidizing action of ionizing radiations. This is of great importance in the interpretation of radiation effects, and gives significance to effects obtained with viruses in other studies which might otherwise be misleading. The fact that ~oxygen does protect the phage, however, remains to be explained. It appears that oxygen functions in a manner not at the present time completely amenable to the conventional analyses of radiation chemists. From the evidence presented, it is proposed that oxygen functions by reacting in some manner with the phage particle itself to form a stabilizing complex. This complex may be formed before the actual events of inactivation by irradiation take place. In this case the binding of 02 at sensitive sites would protect these sites against damage by the products of the irradiated medium. The complex may be formed, on the other hand, during the actual inactivation process and may be the result of such reactions as
or, H + T1-H ~ H~ -{-TI.
then, T1. + O~ --~ T1Os
In the above reactions it is suggested that an OH radical or H atom may remove an H atom (or other group) from the phage, which process does not produce inactivation immediately. Before the phage "radical" (T1 .) can become inactivated, an oxygen molecule stabilizes it. In favor of this second hypothesis of complex formation over the first is the fact that if there is a stabilizing union between the phage and oxygen before the beginning of the inactivation process, how does it happen that this reaction of phage and oxygen can be so readily reversed by merely bubbling nitrogen through the same phage suspension? The second hypothesis circumvents this difficulty. The mechanisms suggested in reactions 20 to 22 would, of course, be applicable to the protection of T1 against inactivation by the radicals of H20~.
Although ultimately all of the inactivation by indirect effects of ionizing radiations is due to the production of free radicals and peroxides and their reaction with the phage particle, it would be misleading and even erroneous to presume that the phage particle itself is an accurate and unfailing indicator of effects exclusively at the chemical level. A consideration of other possible modifications of this biological entity, beyond those which can be accounted for purely on the basis of radiation chemistry, is imperative. This point is emphasized by the observation that cultures of phage stored at 4°C., in which the titer remained constant, showed a gradual but progressive failure with time to respond to the oxygen protection against irradiation observed with these same cultures initially. Obviously no genetic factor or maturation could be operative in a sterile stock of stored phage. The observation of the decline in oxygen protection with age of phage, as well as the diminished protective effect of oxygen in cases in which T1 has stood in buffer, both suggest that certain complexities of the phage particle itself must be taken into consideration before it can give an adequate picture of reactions in radiation chemistry.
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SUMMARY
Bacteriophage T1 was suspended in distilled water and in phosphate buffer, saturated with oxygen, nitrogen, hydrogen, and carbon monoxide, and irradiated with gamma rays and x-rays. Under the same conditions phage was exposed to hydrogen peroxide.
Oxygen acted as a protective agent against both irradiation and hydrogen peroxide inactivation. As a protective agent against irradiation, oxygen was more efficient in distilled water than in buffer. The phage was much more sensitive to irradiation in the presence of hydrogen or nitrogen than in the presence of oxygen. Survivals of phage irradiated in suspensions saturated with hydrogen and with nitrogen did not differ significantly. From this it was concluded that oxygen did not protect T1 by removing atomic hydrogen from the irradiated medium, since the hydrogen-saturated medium increased the yield of atomic hydrogen but did not increase the yield of inactivated phage. It was presumed, therefore, that phage is sensitive to OH radicals and this was confirmed by irradiating phage with UV in the presence of hydrogen peroxide and comparing this survival with the survivals obtained from hydrogen peroxide alone and from UV alone. The combined effect of hydrogen peroxide and UV acting simultaneously was greater than the effect attributable to hydrogen peroxide and UV acting separately.
Evidence for sensitivity to HO2 radicals was considered, and the effect was attributed chiefly to an oxidizing action since phage sensitivity is greater at higher hydrogen ion concentrations, which favor oxidation by HO~ radicals.
Since the OH radical is a more efficient oxidizing agent than O-, the former being favored in an acid medium, the latter in an alkaline medium, and since the phage is more sensitive in the first situation than in the second, the present tests proved the importance of oxidation as the mechanism of inactivation. Since some inactivation was encountered when phage was exposed to reducing agents, independently of irradiation, it was concluded that phage is somewhat sensitive to reducing agents, but the inactivation attributable to ionizing radiations is due chiefly to oxidation, against which these reducing agents are very efficient protectors.
Under no circumstances did hydrogen peroxide protect T1, whether produced by irradiation in the medium or added beforehand to the medium to be irradiated. The first point was investigated by irradiating T1 in the presence of hydrogen and oxygen combined; this produced a higher yield of hydrogen peroxide but a lower survival of T1. In all these tests phage survival under irradiation was directly correlated with oxygen content of the medium rather than with production of hydrogen peroxide. It is proposed that the protective effect of oxygen is due to a reaction between the phage and oxygen, and this complex confers stability upon the phage.
